Many smokers describe the anxiolytic and stress-reducing effects of nicotine, the primary addictive component of tobacco, as a principal motivation for continued drug use. Recent evidence suggests that activation of the stress circuits, including the dynorphin/-opioid receptor system, modulates the rewarding effects of addictive drugs. In the present study, we find that nicotine produced dose-dependent conditioned place preference (CPP) in mice. -Receptor activation, either by repeated forced swim stress or U50,488 (5 or 10 mg/kg, i.p.) administration, significantly potentiated the magnitude of nicotine CPP. The increase in nicotine CPP was blocked by the -receptor antagonist norbinaltorphimine (norBNI) either systemically (10 mg/kg, i.p.) or by local injection in the amygdala (2.5 g) without affecting nicotine reward in the absence of stress. U50,488 (5 mg/kg, i.p.) produced anxiety-like behaviors in the elevated-plus maze and novel object exploration assays, and the anxiety-like behaviors were attenuated both by systemic nicotine (0.5 mg/kg, s.c.) and local injection of norBNI into the amygdala. Local norBNI injection in the ventral posterior thalamic nucleus (an adjacent brain region) did not block the potentiation of nicotine CPP or the anxiogenic-like effects of -receptor activation. These results suggest that the rewarding effects of nicotine may include a reduction in the stress-induced anxiety responses caused by activation of the dynorphin/-opioid system. Together, these data implicate the amygdala as a key region modulating the appetitive properties of nicotine, and suggest that -opioid antagonists may be useful therapeutic tools to reduce stress-induced nicotine craving.
Introduction
Despite widespread knowledge of the health risks associated with tobacco consumption (Changeux, 2010) , Ͻ10% of smokers who attempt to quit each year are successful, and tobacco relapse rates remain high despite current nicotine dependence treatments (Benowitz, 2008) . The presence of stress has long been thought to increase the rewarding properties of tobacco and to increase the risk of relapse (McKennell, 1970; Daughton et al., 1990) , but the mechanisms are not clear. Understanding the interactions between stress systems and nicotine reward may provide insights that could facilitate smoking cessation. The endogenous stress response includes activation of the dynorphin/-opioid system (Chavkin et al., 1982; Smith and Lee, 1988; Bruchas et al., 2010) , and growing evidence suggests that the -opioid system may play a significant role in modifying the rewarding properties of nicotine (Hasebe et al., 2004; Balerio et al., 2005; Marco et al., 2005; Ismayilova and Shoaib, 2010) . In addition, -receptor antagonists have been demonstrated previously to alleviate somatic nicotine withdrawal signs (Jackson et al., 2010) . Thus, the stress response encoded by the dynorphin/-opioid system may act as one possible modulator of the appetitive properties of nicotine.
However, a broader range of interactions between the endogenous opioid systems and nicotinic reward mechanisms have been documented previously. Nicotine stimulates ␤-endorphin release in brain (Marty et al., 1985) , and endogenous opioids released by nicotine occupy -opioid receptors (Davenport et al., 1990) . Similarly, nicotine administration increases metenkephalin expression (Dhatt et al., 1995; Isola et al., 2000) and prodynorphin expression (Isola et al., 2009 ). The roles of the endogenous opioids in mediating the rewarding and compensatory withdrawal effects of nicotine have not been fully resolved; however, mice having disruptions of their -opioid receptor, ␤-endorphin, or proenkephalin genes show blunted nicotineconditioned reward (Berrendero et al., 2010) , and the aversive responses to nicotine withdrawal are blunted in mice genetically lacking prodynorphin (Galeote et al., 2009) . These results support the concept that the motivational effects of nicotine, including its anxiolytic and mildly euphorigenic effects, involve activation of the endorphin/enkephalin -and ␦-opioid systems, whereas the dysphoric, anxiogenic, and aversive effects experienced during nicotine withdrawal may involve activation of the dynorphin/-opioid system (Jackson et al., 2010) .
In humans and rodents, stress activation of the -opioid system elicits dysphoria-like responses, increases anxiety-like behaviors, and increases drug craving and the risk of relapse in animal models of drug addiction (Pfeiffer et al., 1986; Bals-Kubik et al., 1993; McLaughlin et al., 2003 McLaughlin et al., , 2006 Carlezon et al., 2006; Land et al., 2008; Schindler et al., 2010; Wittmann et al., 2009) . Because stress exposure increases drug-seeking behaviors in humans and rodents (McKennell, 1970; Daughton et al., 1990; Shaham and Stewart, 1995; Shaham et al., 2000) , this study tests the hypothesis that activation of the dynorphin/-opioid receptor system by forced swim stress may enhance nicotine-seeking behaviors. Because stress is a complex stimulus that likely affects nicotine-dependent individuals differently than nondependent individuals, we chose to first describe the effects of forced swim on the initial response to nicotine in nondependent mice. For the first time we demonstrate that, during stress exposure, -receptor activation is necessary and -receptor activation in the amygdala alone is sufficient to increase nicotine-seeking behavior measured by conditioned place preference (CPP).
Materials and Methods
Animals. Wild-type male C57BL/6 mice (5-8 weeks old; 18 -22 g; Charles River) were used. Food and water were available ad libitum. Mice were handled daily for at least 3 d before testing. Protocols were approved by the University of Washington Institutional Animal Care and Use Committee.
Drugs. (Ϫ)-Nicotine bitartrate was purchased from Sigma-Aldrich. Norbinaltorphimine (norBNI)-HCl and (Ϯ)U50,488 (2-(3,4-dichlorophenyl)-N-methyl-N-[(1R,2R)-2-pyrrolidin-1-ylcyclohexyl] acetamide) were provided by the National Institute on Drug Abuse Drug Supply program and Tocris Bioscience. Nicotine and their saline controls were administered subcutaneously as described previously (Kota et al., 2007) , and norBNI, U50,488, and their saline controls were administered intraperitoneally. Saline was given at 10 ml/kg, norBNI at 10 mg/kg, and U50,488 at 5 mg/kg unless noted otherwise.
Nicotine CPP. A balanced and unbiased three-compartment placeconditioning apparatus described previously (McLaughlin et al., 2006; Schindler et al., 2010) was used to measure nicotine CPP. Movement was recorded using video capture (Canon ZR90) and analyzed using Noldus Ethovision software (version 3.0). Briefly, mice were exposed to the entire apparatus for 20 min, with the final 15 min recorded by video capture. On Days 2-4, mice were administered saline and confined to the saline-paired compartment for 20 min. At least 4 h later, mice were administered nicotine and confined to the nicotine-paired compartment. Nicotine was given in the afternoon sessions to avoid confounding effects of acute nicotine withdrawal on the saline conditioning session. On Day 5, mice were allowed access to the entire apparatus for 20 min, and time spent in each compartment was recorded during the final 15 min to assess preference (time spent on saline-paired side after training was subtracted from time spent on nicotine-paired side after training). One hour before the post-test, mice were administered either saline or U50,488 or received forced swim stress. Mice received the long-lasting -receptor-selective antagonist norBNI either ϳ18 h before final preference testing, in accordance with previous behavioral CPP studies (Jackson et al., 2010; Schindler et al., 2010) , or before nicotine training for dose-response analysis. The duration of norBNI antagonism in mice was previously shown to be Ͼ2 weeks (Horan et al., 1992; Bruchas et al., 2007) .
Forced swim stress. Mice were exposed to two forced swim stress sessions as described previously (McLaughlin et al. 2003) . Eighteen hours before the CPP post-test, mice were exposed to one 15 min swim in 30 Ϯ 1°C water, without opportunity to escape. One hour before the post-test, mice were exposed to a second 15 min swim. Mice were then dried and returned to their home cage. Control mice received a saline injection and remained in their home cage.
Stereotaxic microinjections. Isoflurane-anesthetized mice were mounted on a stereotaxic alignment system (David Kopf Instruments). Mice were injected bilaterally in the amygdala (Ϯ3.1 mm lateral, Ϫ1.8 mm posterior, 5 mm depth from bregma) or in the ventral posterior thalamic nucleus (VPN; Ϯ1.37 mm lateral, Ϫ1.82 mm posterior, 4.35 mm depth) with 1 l of a 2.5 g/L solution of norBNI dissolved in saline vehicle, or injected with saline as described previously (Bruchas et al., 2009) . A subset of injections contained fluospheres (Invitrogen) to confirm location of the syringe tip. All of these animals had fluospheres present within the target region. In addition, further anatomical confirmations of selective -receptor inactivation were conducted with immunohistochemistry as described below. Animals were allowed to recover for 4 -6 d after injection before behavioral testing.
Immunohistochemistry. Mice were locally injected with either saline or norBNI as described above. Mice were anesthetized with pentobarbital, then perfused intracardially with 4% paraformalde in phosphate buffer (PB; 0.1 M sodium phosphate, pH 7.4). Thirty minutes before cardioperfusion, mice were systemically injected with 15 mg/kg U50,488, which results in -receptor activation and subsequent receptor phosphorylation. Brains were dissected and cryoprotected with a solution of 30% (w/v) sucrose in PB at 4°C overnight, cut into 40 m sections, and placed in PB until processing. Affinity-purified rabbit anti-phospho--receptor (KORp) antibody (1:150 dilution; Abcam) diluted in blocking buffer (PBS containing 0.3% Triton X-100 and 5% normal goat or donkey sera) was used to access KORp immunoreactivity (ir) as in protocols described previously (Bruchas et al., 2007 (Bruchas et al., , 2009 Land et al., 2008) .
Anxiety and pain testing. Anxiety testing was conducted under dim light as described previously (Bruchas et al., 2009) . One hour before testing, mice received either U50,488 or saline. Approximately 30 min before testing, mice received nicotine (0.5 mg/kg) or saline.
For the elevated-plus maze (EPM), mice were placed in the center sector facing toward an open arm and then allowed to roam freely for 6 min. Movement through arms was recorded using video capture (Canon ZR90) and analyzed using Noldus Ethovision software (version 3.0).
To test the latency to explore a novel object, a bottle cap was placed at the far side of a rectangular chamber (46 ϫ 23 ϫ 20 cm) with a laminated white floor. Mice were placed in the chamber on the opposite side, facing the object. Video analysis of latency to approach was done by an investigator blind to treatment.
For the tail withdrawal assay, tail withdrawal latency was assessed in 52.5 Ϯ 0.5°C water, as described previously (Melief et al., 2010) .
Data analysis. Data are expressed as means Ϯ SE. Differences between groups were determined using independent t tests or one-way ANOVA followed by Dunnet's (for comparisons between relevant groups and the control group). For experiments having a two-by-two factorial design, two-way ANOVAs followed by Bonferroni post hoc analysis were conducted to test for significance. Statistical analyses were conducted using GraphPad Prism (version 4.0) (GraphPad Software). Individual values greater than two SDs away from the mean were excluded.
Results

KOR activation is necessary for stress-induced potentiation of nicotine place preference
In the nicotine CPP paradigm used ( Fig. 1) , male C57BL/6 mice showed significant nicotine CPP to 0.5 mg/kg of nicotine (n ϭ 12-27; one-way ANOVA, F (4,79) ϭ 3.84, p Ͻ 0.01; Dunnett's post hoc test, 0 vs 0.5 mg/kg, p Ͻ 0.05), with a slightly higher dose producing no preference (Dunnett's post hoc test, 0 vs 0.7 mg/kg, p Ͼ 0.05) (Fig. 2 A) . A narrow and biphasic response to nicotine has been noted previously (Picciotto, 2003; Kota et al., 2007; Zhu et al., 2007) and is consistent with human reports of narrow dose-dependent changes in mood (Gilbert et al., 1992; Kalman, 2002) . Interestingly, we found that norBNI pretreatment produced a significant switch in the time spent in the 1.0 mg/kg nicotine-paired chamber, but did not interfere with 0.5 mg/kg nicotine place preference, suggesting that the aversive effects of 1.0 mg/kg nicotine were mediated by dynorphin release (n ϭ 11-27; two-way ANOVA; interaction, F (1,59) ϭ 8.11, p Ͻ 0.01; Bonferroni's post hoc test, control plus 0.5 mg/kg nicotine vs norBNI plus 0.5 mg/kg nicotine, p Ͼ 0.05; control plus 1.0 mg/kg nicotine vs norBNI plus 1.0 mg/kg nicotine, p Ͻ 0.01). These results are consistent with the observation that the acquisition of 0.5 mg/kg nicotine place preference by prodynorphin knock-out mice was not different from wild-type littermates (Galeote et al., 2009 ).
Forced swim stress exposure more than doubled the place preference resulting from 0.5 mg/kg nicotine (Fig. 2 B) . Furthermore, pretreatment with norBNI before the first forced swim episode blocked the subsequent stress-induced potentiation of nicotine CPP (Fig. 2 B) (n ϭ 16 -27; two-way ANOVA; interaction, F (1,76) ϭ 9.07, p Ͻ 0.01; Bonferroni's post hoc test, saline plus swim vs norBNI plus swim, p Ͻ 0.001; saline plus home cage vs saline plus swim, p Ͻ 0.01). In this experiment, release of the endogenous dynorphins by forced swim was confirmed by showing that tail withdrawal latencies from warm water increased from 1.8 s (before swim) to 2.9 s immediately following the second swim. Whereas mice pretreated with norBNI did not show a significant change in tail withdrawal latency following forced swim (1.9 s before swim to 2.1 s after swim; n ϭ 8 -16; repeatedmeasures two-way ANOVA; interaction, F (1,22) ϭ 5.90, p Ͻ 0.05; Bonferroni's post hoc test, saline pre-test vs saline post-test, p Ͻ 0.001; norBNI pre-test vs norBNI post-test, p Ͼ 0.05). In addition, norBNI pretreatment in the absence of stress had no effect on nicotine place preference (Fig. 2B ). This lack of effect by norBNI alone suggests that -receptor antagonism did not interfere with associative learning or spatial memory responsible for nicotine place preference.
-Receptor activation is also sufficient to potentiate nicotine place preference Because forced swim stress exposure likely activates multiple stress systems in brain, we next asked whether -receptor activation by U50,488 was also sufficient to potentiate nicotine place preference. Paralleling the timing in the swim paradigm, mice were injected with U50,488 1 h before the nicotine CPP posttest. In a dose-dependent manner, U50,488 increased nicotine place preference in mice trained with 0.5 mg/kg nicotine (Fig.  3A) (n ϭ 10 -27; one-way ANOVA, F (3, 74) ϭ 5.96, p Ͻ 0.0012; Dunnett's post hoc test, 0 vs 2.5 mg/kg, p Ͼ 0.05; 0 vs 5 mg/kg, p Ͻ 0.05; 0 vs 10 mg/kg, p Ͻ 0.01). The increased nicotine place preference caused by 5 mg/kg U50,488 was blocked by norBNI ( Fig. 3B ) (n ϭ 20 -27; two-way ANOVA; interaction, F (1, 86) ϭ 5.35, p Ͻ 0.05; Bonferroni's post hoc test, saline plus U50,488 vs norBNI plus U50,488, p Ͻ 0.01; saline plus saline vs saline plus U50,488, p Ͻ 0.05). Although a high dose of U50,488 (10 mg/kg) significantly reduced ambulatory behavior, the 5 mg/kg dose that significantly potentiated nicotine place preference had no significant effect on locomotion (mean Ϯ SE, saline, 3853 Ϯ 854 cm; 5 mg/kg U50,488, 3196 Ϯ 110 cm; 10 mg/kg U50,488, 2167 Ϯ 789 cm; n ϭ 10 -17; one-way ANOVA, F (2, 35) ϭ 5.91, p Ͻ 0.01; Dunnett's post hoc test, 0 vs 5 mg/kg, p Ͼ 0.05; 0 vs 10 mg/kg, p Ͻ 0.01). These data support the conclusion that -receptor activation is both necessary and sufficient for the stress-induced increase in nicotine place preference.
Anxiety-like behavior caused by -receptor activation is ameliorated by nicotine
To assess the anxiety state of the mice, we used both the latency to explore novel object assay and EPM. Matching the timing of drug injection in the CPP experiment, we injected 5 mg/kg U50,488 or saline 1 h before anxiety testing, followed by a nicotine (0.5 mg/ kg) or saline injection 30 min before anxiety testing (Fig. 4 A) . The latency to explore a novel object was significantly increased by U50,488 compared with saline-treated mice (Fig. 4 B) . Although nicotine alone had no effect, the increase in latency to explore caused by -receptor activation was blocked by nicotine (Fig. 2 B) (n ϭ 12-15; two-way ANOVA; interaction, F (1,51) ϭ 4.09, p Ͻ 0.05; Bonferonni's post hoc test, saline plus nicotine vs U50,488 plus nicotine, pϽ0.05; saline plus saline vs U50,488 plus saline, p Ͻ 0.01).
Nicotine also ameliorated -receptor activation-induced anxiety-like behavior in the EPM. Mice receiving U50,488 spent significantly less time in open arms than controls. This decreased time spent in open arms was reversed by nicotine ( Fig. 4C ) (n ϭ 7-9; two-way ANOVA; interaction, F (1,27) ϭ 6.09, p Ͻ 0.05; Bonferonni's post hoc test, saline plus nicotine vs U50,488 plus nicotine, p Ͻ 0.05; saline plus saline vs U50,488 plus saline, p Ͻ 0.05). No significant differences in locomotor activity were observed between treatment groups during the 6 min EPM testing (Fig. 4 D) (n ϭ 7-9; two-way ANOVA; interaction, F (1,27) ϭ 0.80, p Ͼ 0.05; all Bonferonni post hoc comparisons, p Ͼ 0.05). The novel object and EPM results suggest that the anxiety-like responses to -receptor activation could be reduced by nicotine administration and support the hypothesis that nicotine reward was increased by its anxiolytic actions.
-Receptor activation in the amygdala is necessary for both U50,488-induced anxiety-like behavior and potentiation of nicotine place preference To probe the influence of nicotine on -receptor-dependent neural circuits influencing nicotine place preference and anxiety-like behaviors, we injected norBNI or saline locally into specific brain regions as described previously (Bruchas et al., 2007 (Bruchas et al., , 2009 Land et al., 2008) . Bilateral injection of 2.5 g norBNI into the amygdala, but not 1 l saline, blocked the increase in nicotine place preference induced by 5 mg/kg U50,488 (Fig. 5C ) (n ϭ 10 -11; two-way ANOVA; interaction, F (1,38) ϭ 2.35, p ϭ 0.13; Bonferonni's post hoc test, saline plus U50,488 vs norBNI plus U50,488, p Ͻ 0.05; saline plus saline vs saline plus U50,488, p Ͻ 0.05). Local injection of nor-BNI, but not saline, bilaterally into the amygdala also blocked 5 mg/kg U50,488-induced anxiety-like behavior in the EPM (Fig. 5D ) (n ϭ 7 per treatment; two-way ANOVA; interaction, F (1,24) ϭ 5.23, p Ͻ 0.05; Bonferonni's post hoc test, saline plus U50,488 vs norBNI plus U50,488, p Ͻ 0.01). In addition, bilateral injection of norBNI had no effect on total locomotor activity or on fraction of time in the open arm in the absence of U50,488 (Fig. 5D ). The lack of norBNI effect on EPM behavior under the nonstressful, dim-light conditions used is consistent with prior results (Bruchas et al., 2009) .
At the conclusion of the behavioral assessments, we confirmed that stereotaxic norBNI injection locally blocked -receptors in the amygdala by injecting 15 mg/kg U50,488 30 min before paraformaldehyde perfusion and subsequently immunostaining with a phosphoselective antibody (KORp-ir) that detects -receptors phosphorylated by G-protein receptor kinase 3 following agonist activation (Bruchas et al., 2007 (Bruchas et al., , 2009 Land et al., 2008) . Consistent with previous results (Bruchas et al., 2009) , the reduction in KORp-ir caused by local norBNI injection was restricted to the amygdala (Fig. 5A) .
In contrast, local injection of norBNI in the VPN, a region dorsal and medial to the amygdala, did not block either potentiation of nicotine place preference (Fig. 5E ) (n ϭ 8 -11; two-way ANOVA; interaction, F (1,33) ϭ 0.12, p Ͼ 0.05; main effect of U50,488 vs saline, p Ͻ 0.05) or anxiety-like behavior in the EPM (Fig. 5F ) (n ϭ 6 -7; two-way ANOVA; interaction, F (1,23) ϭ 0.22, p Ͼ 0.05; main effect of U50,488 vs saline, p Ͻ 0.05) resulting from systemic U50,488 (5 mg/kg) administration. Because the potentiation of nicotine place preference was blocked by local inactivation of -receptors in a brain region shown previously to be required for dynorphin-dependent anxiety-like behaviors (Bruchas et al., 2009; Knoll et al., 2011) , these results support the hypothesis that the anxiolytic effects of nicotine underlie the nicotine place preference potentiation caused by stress-induced activation of dynorphin/-opioid system.
Discussion
-Receptor regulation of conditioned place preference While the involvement of endorphin/-opioid system is well known to mediate both the acute effects of stress as well as effects of nicotine (Corrigall et al., 1988; Berrendero et al., 2002; Ribeiro et al., 2005; Liu and Jernigan 2011) , less is known about the involvement of the dynorphin/-opioid system in the rewarding properties of nicotine. The principal finding of this study was that -receptor activation either by forced swim stress or agonist treatment significantly potentiated nicotine place preference. In addition, -receptor activation caused anxiety-like behaviors that were also blocked by nicotine. Both the potentiation of nicotine CPP and anxiety-like behaviors could be blocked by local inactivation of -receptors in the amygdala. In addition, the aversive effects of high doses of nicotine were mediated by -receptor activation. -Receptor activation was both necessary and sufficient to potentiate nicotine-seeking behavior, similar to the effect of -receptor activation demonstrated previously on cocaine and ethanol preference (McLaughlin et al., 2006; Schindler et al., 2010; Nealey et al., 2011; Walker et al., 2011) . The efficacy of norBNI in blocking the stress-induced potentiation of nicotine CPP supports the concept that -receptor antagonists may be effective smoking cessation treatments (Jackson et al., 2010) .
In this experimental design, -receptor activation was initiated before assessing the conditioned preference. Previous studies have demonstrated that coadministration of -receptor agonists with rewarding drugs will block cocaine CPP (Shippenberg et al., 1996 (Shippenberg et al., , 2007 , but if -receptor activation by stressinduced dynorphin release or agonist administration precedes -Receptor activation by forced swim stress exposure potentiates nicotine place preference. A, Dose-dependent nicotine place preference on assessed on Day 5. Pretreatment with 10 mg/kg norBNI before nicotine training did not significantly affect place preference produced by 0.5 mg/kg nicotine; however, norBNI pretreatment switched the place aversion produced by 1.0 mg/kg nicotine to a place preference. B, Nicotine (0.5 mg/kg) place preference was significantly increased by two exposures to forced swim stress before the post-test. Administration of 10 mg/kg norBNI before swim blocked this increase, whereas norBNI given to a time-matched control group in the absence of swim did not affect nicotine place preference (n ϭ 11-27 animals per group). n.s., Not significant. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001; ## p Ͻ 0.01. Figure 3 . A, Similar to the effects of forced swim stress-induced dynorphin release, pharmacological -receptor activation by U50,488 1 h before the post-test on Day 5 resulted in a dose-dependent increase in nicotine place preference. Both 5 and 10 mg/kg U50,488 significantly increased nicotine place preference compared with saline-treated controls. B, The effects of 5 mg/kg U50,488 on nicotine place preference were blocked by 10 mg/kg norBNI administered ϳ18 h before the post-test, whereas norBNI pretreatment in the absence of U50,488 did not significantly affect nicotine place preference (n ϭ 10 -27 animals per group). *p Ͻ 0.05; **p Ͻ 0.01.
the cocaine conditioning session, the rewarding valence of cocaine will be potentiated (McLaughlin et al., 2006; Schindler et al., 2010) . We presume that the euphorigenic effects of cocaine are increased when the mouse enters the associative conditioning session in a dysphoric state, but this relationship is difficult to assess directly. In the present study, a similar interaction between prior -receptor activation and the enhanced rewarding valence of nicotine was evident, suggesting that potentiation of nicotine-seeking behavior was the consequence of the anxiolytic effects of nicotine. Further studies will be needed to dissect the neural circuitry regulating anxiety-like and dysphoric-like behaviors, and to determine whether potentiation of drug-seeking behavior regulated by the -receptor system is mediated by similar intracellular mechanisms.
In seemingly contradictory results, -opioid agonists have been demonstrated to reduce cocaine-seeking behavior in rodents when -receptor agonists are administered concurrently or immediately before cocaine self-administration testing or final preference testing of cocaine CPP (Shippenberg et al., 1996 (Shippenberg et al., , 2007 . Studies have demonstrated that acute -receptor activation by -receptor agonists interferes with memory (Castellano et al., 1988; Schindler et al. 2010 ). In addition, U50,488 has been shown to suppress learning and memory mechanisms in a time-dependent manner. Treatment with U50,488 15 min prior, but not 60 min prior, to an object recognition task has been demonstrated to interfere with memory retrieval (Schindler et al., 2010) . Acute disruption of memory retrieval by -receptor agonists in associative learning assays used to assess drug-seeking behavior may explain discrepancies between studies. In the present study, we activated -receptors before the post-test to avoid potential effects of stress on associative learning mechanisms and focus on the response of the animals to the previously learned cues. Results from the present study suggest that -receptor activation enhances the rewarding valence of nicotineassociated cues rather than affecting associative learning or recall mechanisms.
Interactions of the stress-response system encoded through the -receptor system on both drug-seeking and anxiety-like behaviors Stress has long been thought to elevate the immediate rewarding properties of tobacco and to increase the risk of relapse (McKennell, 1970; Daughton et al., 1990) . Stress is well known to reinstate drug-seeking behaviors in many abused substances, including nicotine (Marlatt and Gordon, 1985; Shaham and Stewart, 1995; Lê et al. 1998; Buczek et al., 1999; Shaham et al., 2000) . We showed previously that stress given either before cocaine conditioning sessions or just before the post-test results in potentiation of cocaine-seeking behavior (McLaughlin et al., 2003 (McLaughlin et al., , 2006 Schindler et al., 2010) .
Notably, our observed forced swim stress exposure led to a more than doubling of the nicotine place preference, providing our paradigm with predictive validity to human tobacco usage. Forced swim stress also increased tail withdrawal latency, commonly used for opioid analgesia testing and for -receptordependent stress-induced analgesia (McLaughlin et al., 2003; Melief et al., 2010) . While -receptor antagonism by norBNI blocked stress-induced increases in nicotine place preference, it did not disrupt associative learning or spatial memory mechanisms necessary to perform the CPP behavioral task. These results agree with studies where lack of a functioning dynorphin/ -opioid receptor system did not effect memory retrieval, learning, or expression of place preference (Land et al., 2008; Jackson et al., 2010; Schindler et al., 2010; Nealey et al., 2011) .
We additionally demonstrate that anxiety-like effects caused by -receptor-selective activation were ameliorated by subsequent low doses of nicotine. We used two assays, EPM and latency to explore a novel object, to model anxiety. The EPM has high predictive validity for identifying anxiolytic and anxiogenic pharmacological agents in humans, and a decrease in time spent in the open arms of the EPM by rodents strongly correlates with an anxious state in humans (Hogg, 1996; Ramos, 2008) . We further supported our observation that nicotine reduces -receptor mediated anxiety-like behavior through the latency to explore a novel object assay. This test, like the plus maze, examines anxietylike behavior in rodents (Heisler et al., 1998) . Activation of -receptors by U50,488 elicits anxiety-like behaviors, and both prodynorphin knock-out and -receptor antagonists reduce anxiety-like behaviors (Wittmann et al., 2009; Peters et al., 2011) . Previous reports also show that low doses of systemic nicotine have anxiolytic effects (Costall et al., 1989; Brioni et al., 1994 ; File et al., 1998), although this is dependent on the time of administration and dose, as low doses of nicotine are reported to produce anxiolytic effects, whereas high doses generated anxiogenic responses (File et al., 1998; Balerio et al., 2005) .
Amygdala regulation of anxiety-like and reward-seeking behaviors
The results support the conclusion that activation of -receptors in the amygdala produce anxiety-like behavioral responses (Land . Bilateral local injection of norBNI into the amygdala, but not the VPN, prevents anxiety-like behavior and potentiation of nicotine-seeking behavior resulting from -receptor activation. A, Local injection of norBNI into the amygdala, but not saline, blocked the U50,488-induced increase in -receptor phosphorylation (KORp-ir) (green). GAD67-ir is also shown in red. B, Representative traces of EPM behavior in animals receiving local injections of either saline or norBNI (red, saline amygdala injection; blue, norBNI amygdala injection). C, Amygdala injection of norBNI, but not saline, blocked an increase in nicotineplacepreferencecausedbysystemicU50,488.D,AmygdalainjectionofnorBNI,butnotsaline,alsoblockedU50,488-inducedanxiety-likebehaviorintheEPM.Inset,Schematicofacoronalbrainslice1.82 mmcaudaltobregmaindicatinginjectionsitesfortheamygdala(red)andVPN(green).E,F,BilaterallocalinjectionofnorBNIintotheVPN,anoff-targetcontrolbrainregiondorsalandmedialtotheamygdala, did not block an increase in nicotine place preference (E) or block anxiety-like behaviors in the EPM resulting from systemic U50,488 administration (F)(n ϭ 6 -11 animals per group). *p Ͻ 0.05; **p Ͻ 0.01. Bruchas et al., 2009 ). The amygdala is a region known to encode anxiety and value, and to mediate aspects of drugseeking behavior (LeDoux, 2003; Tye et al., 2008; Koob, 2009; Jenison et al., 2011) . Because the amygdala also coexpresses ␣4␤2 and ␣7 nACh receptors (Changeux, 2010) , it is plausible that the interaction between the nicotinic and -opioid systems occurs in this brain region, but this hypothesis will require further circuit analysis. Both the basolateral amygdala (BLA) and central nucleus of the amygdala (CeA) play key roles in mediating reward and anxiety-like behavior. The BLA regulates CeA activity (LeDoux, 2003) , and a crucial output region of the CeA is the central medial nuclei, which when excited mediate autonomic and behavioral responses associated with anxiety . Previous studies implicated stress-response signaling in the CeA, as well as the bed nucleus of the stria terminalis, following foot shock stress exposure as critical for the reinstatement of cocaineseeking behavior (Erb and Stewart, 1999; Leri et al., 2002) . Fibers projecting from the BLA to the nucleus accumbens influence dopamine release in the ventral striatum, and selective activation of these fibers facilitates motivated behavior and reward seeking, while inactivation suppresses response to natural appetitive stimuli (Jones et al., 2010; Stuber et al., 2011) . Further studies dissecting the role and location of -receptors in amygdala subnuclei may provide a more detailed understanding of anxiety-like and drug-seeking behaviors.
The insights gleaned from the present study suggest that stress-induced signaling results in a negative affective and anxiety-like state that leads to nicotine-seeking behavior. While -receptor antagonism may initially increase the dose range in which nicotine elicits place preference, it also prevents stressinduced increases in nicotine reward. Together, our findings suggest that -receptor antagonism may be a novel therapeutic tool to decrease nicotine-seeking behavior.
